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I.  miRODOCTION 


Dissociation  processes  which  lead  to  fragments  of 
electronic  character  are  interesting  and  of  fundamental 
scientific  importance.  For  example,  selective  excitation  of  one 
of  the  product  A~doublets  can  reveal  details  of  the  dissociation 
with  elegance  and  precision,  and  can  allow  spatial  anisotropies 
to  be  perused  within  the  molecular  frame.^^”^^  Also,  spin-orbit 
interaction  splits  2ii  into  ^1/2  and  ^^3/2  components,  and  such 
states  may  correlate  to  quite  distinct  electronic  states  of  the 
precursor,  even  though  they  are  only  separated  by  lO's  or  lOO's 
of  cm"!.  In  fact,  the  literature  contains  many  examples  in  which 
photodissociation  leads  to  nascent  NO  fragments  whose  spin-orbit 
states  are  populated  selectively, and  this  is  often 
attributed  to  adiabatic  correlations  along  separate  electronic 
potential  surfaces.  Non-adiabatic  couplings  may  decrease,  or 
even  change  the  selectivity,  so  that  it  is  not 

straightforward  to  surmise  the  respective  roles  of  more  than  one 
potential  surface  from  the  observed  selectivity.  Since  spin- 
orbit  interaction  removes  part  of  the  degeneracy  of  ^  states,  it 
can  influence  surface  crossings  as  well  as  affect  energetics,  and 
it  will  be  important  to  measure  nascent  distributions  for  systems 
which  involve  a  minimum  number  of  potential  surfaces  (ideally, 
just  one),  in  order  to  gain  enlightenment  about  the  elementary 
processes  involved. 

Dissociation  events  which  transpire  on  the  ground  electronic 
potential  surface,  hereafter  referred  to  as  Sq^  ete  particularly 
significant  because  of  the  importance  of  recombination  and 


unimoleculac  reactions  in  modern  physical  chemistry. 

Selectivity  for  ^lli/2  exists,  must  be  accounted 

for  separately  in  any  statistical  theory  of  unimolecular 
processes,  since  such  selectivity  is  of  electronic  origin,  and 
the  basic  structure  of  such  statistical  theories  involves 
randomizing  nuclear  degrees  of  freedom  on  a  single  electronic 
potential  surface, Thus,  if  vibrational  predissociation 
on  Sq  shows  high  selectivity  toward  a  single  spin-orbit  state,  it 
is  hard  to  justify  a  treatment  of  either  dissociation  or 
recombination  processes  which  simply  assigns  an  electronic 
degeneracy  to  the  species. 

In  this  paper,  we  present  experimental  results  wherein 
nascent  FO(X^ir)  is  detected  following  the  collision-free  infrared 
multiple  photon  excitation  and  dissociation  (IRMPE  and  IRKPD)  of 
several  volatile  organophosphorus  molecules  which  lead  to  PO  via 
a  sequence  of  bond  fission  reactions.  It  is  well  known  that 
IRNPD  follows  the  lowest  energy  pathways  for  unimolecular 
decomposition,  and  that  species  are  usually  excited  to  energies 
such  that  the  rate  of  optical  pumping  is  balanced  by  the  rate  of 
unimolecular  reaction. Because  of  this,  excited  ensembles 
are  not  monoenergetic,  but  are  spread  over  a  modest  energy 
range. Sequential  dissociations,  in  which  decomposition 
products  are  themselves  dissociated  via  IRMPD,  are  not  special, 
and  still  follow  the  lowest  energy  pathways, Thus,  in 
using  IRNPD  to  prepare  PO(X^n),  we  insure  that  this  species 
derives  from  a  precursor  which  is  vibrationally  excited,  but  in 
its  electronic  ground  state. 


POCZ^n)  is  similar  to  NO(Z^n}  in  many  respects.  The  spin- 
orbit  splittings  are  small  (224  and  123  cm**^  respectively)  r  and 
therefore  observed  differences  cannot  be  ascribed  simply  to 
energy.  IRMPD  typically  promotes  species  to  energies  which  are 
high  enough  above  reaction  threshold  so  that  nascent  products 
contain  significant  vibration,  rotation,  translation  (V,R,T) 
excitation,  and  the  123  and  224  cm"^  spin-orbit  excitations  can 
be  easily  detected  spectroscopically  if  they  are  present.  The 
larger  mass  and  spin-orbit  interaction  generate  a  Bund's  case  (a) 
coupling  scheme  for  POCZ^n),  unlike  the  intermediate  coupling 
scheme  for  NO(Z^n),  so  that  correlations  which  select  a  single 
spin-orbit  state  may  be  seen  more  clearly,  and  this  constitutes 
an  advantage  of  using  PO.  rather  than  NO,  to  study  such 
processes.  As  with  NO,  PO  can  be  detected  with  high  sensitivity 
by  using  multiphoton  ionization  (MPI).  However,  unlike  NO,  PO 
can  be  ionized  via  2-photon  MPI,  using  rather  convenient  laser 
wavelengths.  The  PO  B22;'+-<-x2n  system  can  be  excited  in  the  region 
305-330  nm,  and  the  subsequent  absorption  of  a  266  nm  photon 
causes  ionization.  The  required  laser  energies  are  modest 
lOO's  of  uJ)  and  the  signals  vary  linearly  with  each  laser 
fluence  and  only  occur  with  both  beams  present,  thereby  insuring 
a  sensible  and  straightforward  detection  process. 

In  all  of  our  experiments  to  date,  we  find  an  overwhelming 
propensity  to  form  PO(x2ni/2)»  PO(x2n3/2)»  It  seems 

clear  that  the  species  producing  PO  correlates  adiabatically  to  the 
^^1/2  state,  but  that  the  ^^3^2  state  is  inaccessible  except  via 
non-adiabatic  processes.  We  expect  these  results  to  be  quite  general 
and  similar  considerations  should  be  made  for  a  number  of  systems. 


II.  BXPERIMEIITAL  ARRAHGBMEIIT 


Molecular  ions  were  detected  using  a  laser  time-of-flight 
mass  spectrometer  (TOFMS),^^^^  consisting  of  a  double  grid 
ionization  regionr  a  drift  tube,  and  a  tandem  microchannel  plate 
detection  assembly  (3xl0~^  and  6x10“^  Torr  in  the  ionization  and 
detection  regions  respectively).  Freshly  distilled  samples,  from 
a  separate  gas  handling  system,  were  admitted  through  a  variable 
leak  valve  into  the  ionization  region,  producing  a  constant 
sample  pressure  of  -10~^  Torr.  -The  output  from  a  CO2  TEA  laser, 
operating  in  the  10.6  y  m  band,  was  focused  into  the  ionization 
region  of  the  TOFMS  and  produced  nascent  PO(X  n)  fragments,  which 
were  subsequently  excited  and  ionized,  nominally  350  ns  after  the 
onset  of  the  counter propagating  CO2  laser  pulse.  The  cations  thus 
produced  entered  the  drift  tube  and  were  detected  using  the 
microchannel  plate  array.  Signals  were  amplified,  digitized 
(10  ns  resolution),  and  sent  to  a  microcomputer  (LSI  11/23)  for 
data  processing.  Photodiodes  monitored  the  UV  radiations, 
thereby  providing  normalization  of  the  mass  resolved  PO***  ion 
signal. 

The  detection  scheme  is  shown  schematically  in  Fig.  1. 
Tunable  UV  radiation  (305-330  nm)  was  obtained  using  a  tracking 
doubler  and  tunable  dye  laser,  and  266  nm  radiation  was  the  4th 
harmonic  of  the  1.06  y  m  Md;YAG  fundamental.  For  the  medium  reso¬ 
lution  spectra,  the  dye  laser  cavity  (i.e.  air-spaced  Fabry-Perot 
etalon  and  grating)  was  pressure  tuned  using  300-1500  Torr  of  N2 


for  each  scan.  Scanning  was  done  in  2  Torr  increments,  using  a 
servomechanism  controlled  valve  system  (Datametrics)  in 
conjunction  with  the  microcomputer.  The  linewidth  of  the  doubled 
dye  laser  was  approximately  0.08  cm"^.  The  unfocused  DV  beams 
were  combined  collinearly  with  a  dichroic  beamsplitter  and  an 
optical  delay  of  10  ns  precluded  simultaneous  absorption  of  both 
photons.  The  laser  energies  were  £.  100  y  J  and  the  ion  signal 
disappeared  with  either  the  266  nm,  tunable  OV,  or  10.6  ym 
radiation  blocked.  The  CO2  laser  fluence  was  ~  40  J  cm~^  at  the 
focal  point. 

In  establishing  that  the  MPI  spectral  signature  is  an  exact 
replica  of  the  absorption  spectrum,  one  must  show  that 

the  266  nm  photon  promotes  the  excited  diatom  into  a 
structureless  region  of  the  ionization  continuum.  To  verify  that 
such  is  the  case,  a  microwave  discharge  flow  system  was  developed 
to  produce  PO  in  a  thermal ized  environment.  The  flow  system  is 
constructed  primarily  from  pyrex  and  quartz.  The  HPI  ion  current 
is  monitored  with  two  nickel  wire  electrodes,  separated  by  1  cm 
and  biased  with  180  volts.  Freshly  distilled  sample  was  combined 
with  Ar  carrier  gas  and  passed  through  the  microwave  cavity 
(2450  KHz).  The  cavity  was  nominally  12  cm  upstream  from  the 
electrodes.  Quartz  windows  were  sealed  with  0-rings  to  the  cell 
and  a  capacitance  manometer  monitored  pressure.  Total  pressures 
were  >  1  Torr,  insuring  that  PO  is  thermalized  at  the  ambient 
temperature  (300-450K},  having  undergone  -  10^  collisions 
between  the  discharge  and  detecting  regions.  However,  these 
pressures  are  still  sufficiently  low  that  molecules  promoted  to 


the  state  undergo  almost  no  collisions  before  being  ionized, 

so  that  spectra  obtained  thus  can  be  compared  directly  to  those 
of  nascent  FO.  The  ion  current  was  differentially  amplified, 
digitized,  sent  to  the  microcomputer,  and  normalized  as  per  the 
DV  laser  fluences.  As  before,  the  ion  signal  disappeared  with  any 
of  the  laser  beams  blocked,  and  varied  linearly  with  UV  fluences. 
In  this  calibration  experiment,  the  MPI  spectra  reproduced  very 
well  the  PO  absorption  spectra, thus  verifying  the 

frequency  independence  of  the  absorption  of  the  266  nm  photon. 

For  other  calibration  purposes,  PO  MPI  spectra  were  obtained 
using  an  atmospheric  pressure  flame  arrangement  (nominally  2400K}, 
which  is  essentially  the  burner  assembly  from  an  atomic 
absorption  spectrometer  with  electrodes  added  in  order  to  collect 
ions. 

The  various  organophosphorus  compounds  used  are  listed  in 
Table  I,  and  were  obtained  from  Aldrich.  DMMP  (97%)  and  DIMP 
(98%)  were  purified  to  >  99%  by  fractional  distillation.  DMP 
(97%),  DIP  (95%),  and  TMP  (99+%),  were  used  without  further 
purification.  All  compounds  were  degassed  at  77K  prior  to  use. 


III.  RESULTS 


PO  Electronic  Energy  Distribution  ^^3/2^ 

Figure  2b  shows  a  2-£requency  2-photon  ionization  spectrum 
of  nascent  PO  which  derives  from  the  collision-free  IRMPD  of 
dimethyl  methyl phosphonate  (DMNP),  in  the  region  of  the  (0^0)  and 
(1,1)  bands  of  the  system.  At  all  laser  frequencies, 

PO'*'  was  the  dominant  ion  in  the  mass  spectra,  and  we  had  to 
increase  the  detection  sensitivity  by  4  orders  of  magnitude  in 
order  to  observe  other  ions,  which  derived  mainly  from  the  non¬ 
resonant  MPI  of  DMMP.  No  PO***  signal  was  seen  with  the  10.6  vm 
radiation  blocked,  and  as  the  probe  was  delayed  relative  to  the 
onset  of  the  CO2  laser  output,  the  PO'*'  signal  first  rose  and 
then  decayed  as  the  fragments  left  the  ionization  region.^^^^ 

The  266  nm  radiation  was  delayed  10  ns  relative  to  the  tw^nabre  UV 
radiation  in  order  to  avoid  processes  involving  the  simultaneous 
annihilation  of  two  photons,  and  to  eliminate  the  possibility 
that  the  266  nm  radiation  photolyzes  any  intermediates,  thereby 
producing  PO.  To  insure  that  the  signals  derived  only  from 
nascent  PO,  we  studied  the  PO'*'  signal  as  a  function  of  the 
tunable  UV  laser  fluence.  If  PO^  indeed  is  born  of  PO,  then  the 
signal  should  vary  linearly  with  the  laser  fluence.  We  do 
observe  such  linear  behavior  down  to  the  smallest  laser  energies 
with  which  adequate  signals  could  be  obtained  (1.5  yj),  thereby 
confirming  that  the  PO'*'  signals  derive  from  nascent  PO. 

For  the  detection  of  PO  downstream  from  the  microwave 
discharge,  the  same  10  ns  delay  of  the  266  nm  radiation  was  used 


as  with  the  IRHPD  case,  and  the  same  linear  dependence  of  the 
ionization  signal  on  the  tunable  DV  laser  fluence  was  observed. 
Figure  2a  depicts  the  2-£reguency  2-photon  ionization  spectrum  of 
PO  detected  in  this  300K  situation.  Anderson  et  al.^^^^  observed 
LIF  of  PO  in  this  spectral  region  using  the  same  microwave 
discharge  method,  and  both  the  rotational  and  spin-orbit  states 
followed  a  300K  Boltzmann  distribution.  The  2-frequency 
2-photon  ionization  spectrum  shown  in  Fig.  2a  duplicates  the 

absorption  and  LIF  spectra,  and  hence  reflects  the 
PO(x2j])  state  distribution. 

Comparing  the  MPZ  spectra  of  PO  from  ’collision-f ree  IRMPD 
with  those  obtained  using  the  microwave  discharge,  we  confirm  our 
previous  observation^^^^  of  the  very  low  occupancy  of  the  excited 
spin-orbit  doublet  (224  cm"^  above  the  ground  ^^1/2  state), 
following  collision-free  IRMPD  of  DMMP.  Were  the  ^^1/2  ^3/2 

states  assigned  a  temperature  based  on  their  relative  populations, 
it  would  be  approximately  150K,  in  mariced  contrast  to  the  much 
higher  vibrational  and  rotational  excitations,  which  are  typical 
for  IRMPD, 

A  similar  spin-orbit  population  pattern  was  observed  in  the 
higher  vibrational  states,  using  1-freguency  2-photon  ionization. 
The  air/C2H2  flame  created  the  high  temperature  environment 
necessary  for  a  thermal  distribution  in  v”>0  levels,  thus  serving 
as  a  reference  for  these  spectra.  Spectra  of  the  (5,4)  band 
region  using  both  collision-free  IRMPD  and  the  flame  are  shown  in 
Pig,  3,  In  the  flame,  the  (5,4)  (Q22+R21) ,  (5,4)  (Q22‘^Rl2^  ^  and 
(5,4)R22  bands  are  quite  evident,  whereas  in  the  IRMPD 


measurement  the  (5,4)R22  band  is  almost  completely  absent,  and 
the  intensity  of  the  (5,4)  (Q22+R12)  band  relative  to  the 
(5,4)  (Q21'I’Rii)  band  decreased  by  a  factor  of  7  compared  to  the 
flame  result. 

Further  confirmation  of  the  small  FO(2ji3/2)  nascent 
populations  was  obtained  by  thermalizing  the  nascent  PO  using  an 
inert  diluent.  In  these  experiments,  the  flow  system  provided 
the  best  environment,  and  results  are  shown  in  Fig.  4. 

Collisions  efficiently  populate  the  ^^2/2  state,  as  is  seen  from 
the  increase  in  signal  from  the  (0,0)  (Qi2‘*‘P22^  band.  The  energy 
transfer  rate  is  quite  high,  as  in  the  case  of  NO, and 
rate  coefficients  could  be  obtained  if  one  were  inclined  to  do 
so. 

Absence  of  significant  ^113/2  excitation  is  not  confined  to 
DNMP,  and  a  list  of  molecules  which  yield  PO  via  IRHPD  is  given 
in  Table  I.  In  all  cases,  similar  results  were  obtained,  albeit 
with  varying  signal  intensities,  due  to  the  different 
dissociation  yields.  An  example  of  this  is  shown  in  Fig.  5, 
where  nascent  PO  spectra  are  obtained  using  DMHP,  TNP,  DMP,  and 
DIMP  precursors.  The  similarity  of  these  spectra  is  striking.  The 
list  of  molecules  in  Table  I  is  hardly  exclusive;  these  were  the 
only  molecules  tried,  and  we  assume  that  other  homologous  species 
will  yield  similar  results. 

Rotational  Energy  Distribution  in  FO(^IIl/2rV**0) 

With  the  dye  laser  system  operating  in  the  medium  resolution 
mode  (pressure  scanning,  0.08  cm"^  resolution  near  325  nm). 
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rotationally  resolved  spectra  were  obtained  in  the  (0,0) 

P^-branch  for  both  collision-free  IRMPD  and  the  300K  effluent 
from  the  microwave  discharge  (see  Fig*  6).  The  300K  reference 
sample  appears  completely  thermal ized,  and  the  spectrum  shown  in 
Fig.  6b  is  the  same  as  the  one  obtained  using  LIF  of  a  300K 
sample. With  IRMPD,  nascent  rotational  excitation  clearly 
exceeded  300K,  but  did  not  appear  completely  Boltzmann.  The 
spectrum  showed  an  Interesting  and  repeatable  peak  at  J«19.5.  In 
order  to  further  insure  against  artifacts,  spectra  were  recorded 
using  the  more  compacted  R^-branch  and  the  results  were 
qualitatively  similar  (e.g.  rapid  drop  for  J>19.5)  to  those  shown 
in  Fig.  6.  Rotational  populations  are  determined  using 
linestrength  factors  which  are  calculated  from  formulae  derived 
by  Earls t23)  ^he  Appendix),  and  the  populations  thus 

obtained  are  given  in  Fig.  7.  Figure  7b  includes  data  obtained 
by  dyne  et  al.  using  LIF,  and  the  agreement  with  our  MPI 
spectrum  is  excellent.  Inadequate  S/N  prevented  us  from 
obtaining  a  rotationally  resolved  spectrum  of  the 
(0,0)  band  following  collision-free  IRMPD.  In  simulating  the 
unresolved  rotational  band  contours  of  the  systems  shown  in 
Fig.  2b,  we  find  that  a  rotational  'temperature*  of  >800K  fits 
the  data  fairly  well,  but  that  such  a  fit  is  not  unique.  The 
uncertainty  of  this  'temperature*  can  be  as  high  as  ±  200K,  and 
may  reflect  the  non-Boltzmann  character  of  the  rotational 
distribution  shown  in  Fig.  7. 
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nascent  FO(X^n2/2)  Vibrational  Excitation 

Nascent  vibrational  excitation  is  evident  following 
collision-free  IRMPD  of  the  molecules  listed  in  Table  I  (see 
Figs.  2-5).  Vibrational  levels  as  high  as  v*>6  have  been 
observed,  and  the  (1,1)  band  is  in  a  region  where  quantitative 
estimates  of  the  relative  v"sO  and  1  populations  can  be  made.  In 
comparing  the  areas  of  the  Q-branches,  and  scaling  by  the  Franck- 
Condon  factors,  we  find  that  [v”«1]/[v”b0]  *  0.17  for  the  data 

shown  in  Fig.  2b,  in  which  DMHP  is  the  precursor.  Very  similar 
results  are  obtained  with  the  other  precursors  listed  in  Table  I. 
Were  a  'temperature'  ascribed  to  v”>0  and  1,  it  would  be 
approximately  lOOOK.  Similar  vibrational  'temperatures'  were 
also  extracted  when  comparing  the  signal  intensities  of  the  (5,4) 
and  (6,5)  bands,  obtained  using  1-freguency  2-photon  ionization 
detection,  following  collision-free  IRHPD  of  DMHP,  with  a  2400R 
flame  for  calibration. 

Nascent  PO(x2ll2/2)  Translational  Excitation 

Even  with  a  resolution  of  0.08  cm~^,  we  find  that  spectra  of 
nascent  PO  are  Doppler  broadened  noticeably  more  than  those  of 
300K  thermalized  samples,  as  shown  in  Fig.  8.  It  is  very  hard 
to  derive  velocity  distributions  from  Doppler  lineshapes  under 
the  best  of  circumstances,  and  with  the  S/N  of  the  present 
experiments,  such  a  deconvolution  is  impossible.  We  note  that 
Maxwell-Boltzmann  velocity  distributions  with  temperatures  of 
1500-2000K,  convoluted  with  the  0.08  cm~^  probe  linewidth, 
reproduce  the  experimental  linewidths.  Such  an  estimate  of  the 


average  translational  energy  is  the  best  that  can  be  done 
without  resorting  to  inherently  more  accurate  molecular  beam 
techniques.^^^)  This  amount  of  nascent  translational  excitation 
is  to  be  expected  for  a  series  of  bond  fission  reactions,  and  is 
lower  than  would  be  expected  for  molecular  eliminations, 


IV.  DISCDSSIOH 


Reaction  Pathways  for  Producing  PO(Z^n) 

The  production  of  P0(x2ii)  by  the  collision-free  IRMPD  of  the 
molecules  listed  in  Table  I  proceeds  sequentially,  and  involves 
the  dissociation  of  nascent  fragments  via  the  lowest  energy 
reaction  pathways.  Typical  bond  energies  are  listed  in 
Table  II,  and  using  this  information  we  conclude  that  the 
primary  dissociation  events  produce  radicals  of  the  form  (RO)2FO, 
where  RSCR3  or  I-C3B7.  In  the  absence  of  molecular  eliminations, 
the  most  likely  immediate  precursors  of  PO  are  of  the  form  ROPO, 
which  can  then  yield  PO  directly.  Since  the  C-0  and  P-0  bonds 
are  of  comparable  strength,  it  is  likely  that  PO2  will  be 
produced  in  addition  to  PO.  However,  the  experimental  results 
suggest  that  nascent  PO  does  not  derive  from  the  IRMPD  of  PO2. 
Such  a  small  species  would  dissociate  as  soon  as  it  acquired 
energy  in  excess  of  reaction  threshold,  thereby  producing  PO 
without  vibrational  excitation,  in  marked  contrast  to  our 
observations.  Thus,  the  production  of  PO(Z^n)  can  be 
rationalized  straightforwardly,  using  a  mechanism  which  involves 
3  sequential  dissociation  steps. 

PO(x2ii2/2)  Favored  Over  PO(x2 113/2) 

By  far,  the  most  intriguing  of  the  results  presented  above 
is  the  small  population  of  the  upper  POCX^JI)  spin-orbit  doublet, 
^Il3/2r  which  lies  only  224  cm”!  above  the  ^^1/2  electronic  ground 


state.  This  result  is  unambiguous.  It  persists  with  all  of  the 
precursors  listed  in  Table  I  and  with  different  CO2  laser 
fluences,  and  it  is  verified  using  PO  obtained  from  microwave 
discharges  and  flames,  and  by  adding  an  inert  buffer  gas  in  order 
to  thermalize  (300K)  the  nascent  PO(Z^n)  produced  via  IRHPD. 

Since  distinct  electronic  potential  surfaces  correlate  to 
the  ^^1/2  ^^3/2  species,  one  must  consider  carefully  the 

parentage  of  these  excitations.  IRMPE  prepares  excited  molecules 
whose  vibrations  can  be  considered  random  in  a  normal  mode 
description,  and  product  V,R,T  distributions  can  be  estimated 
rather  well  using  statistical  theories  such  as  the  separate 
statistical  ensemble  (SSE)  formulation  of  the  phase  space  theory 
of  unimolecular  reactions  (PST),  for  dissociations  involving 
loose  transition  states. However,  there  is  no  a  priori 
reason  to  assume  that  electronic  excitations  are  randomized  with 
the  nuclear  degrees  of  freedom,  and  non-adiabatic  couplings  may 
be  required  in  order  to  randomize  electronic  and  nuclear  degrees 
of  freedom.  Electronic  specificity  deriving  from  spin  conser¬ 
vation  has  been  noted  in  several  systems,  and  spin-orbit 

states  can  also  be  produced  with  specificity,  since  the  multiplets 
needn't  all  correlate  with  the  ground  state  surface  of  the 
precursor. Each  of  the  product  spin-orbit  states  contain 
angular  momenta  whictv  when  combined  with  the  angular  momenta  of 
the  other  fragment,  correspond  to  distinct  potential  surfaces 
of  the  species  undergoing  dissociation.  Thus,  specificity  with 
respect  to  product  electronic  states  is  to  be  expected,  even  for 


as  democratic  a  process  as  IRHPD.  We  note  that  such 
considerations  are  also  germane  to  recombination!  wherein  certain 
formalisms  require  that  electronic  partition  functions  be 
assigned  values.^^^'^^) 

Based  on  recent  ab  initio  calculations  of  as  well 

as  analogy  with  species  such  as  N02»  HNO,  NCMOr  NOBr,  NOClr 
CF3NO!  etc.,  many  species  containing  the  PO  group  are  expected  to 
have  an  excited  singlet  state  (A^A",  hereafter  referred  to  as  S^) 
near  or  below  the  dissociation  threshold,  in  these  cases,  non- 
radiative  processes  degrade  initial  electronic  excitation,  and 
dissociation  products  are  detected  when  promoting  molecules  to 
energies  in  excess  of  reaction  threshold.  Sq  is  often  thought  to 
couple  strongly  to  S^i,  thereby  implicating  Sq  in  the 
dissociation.^^^)  Although  these  conclusions  are  obtained  from 
studies  of  the  S]|^  Sq  absorption  systems,  they  apply  directly  to 
IRHPE  as  per  microscopic  reversibility.  The  character  of  the 
state  which  derives  from  the  coupling  of  Sq  and  is  influenced 
by  statistical  factors,  which  favor  Sq  overwhelmingly.  Thus,  in 
a  region  of  high  S^^  vibrational  state  density,  species  produced 
by  IRMPE  are  mainly  of  Sq  character,  with  a  small  contribution 
from  S^^,  due  to  Sq^S]^  coupling.  The  phosphorus  analogs  should 
behave  similarly,  and  therefore  IRMPE  can  prepare  molecules  with 
mixed  Sq  and  Sj^  character,  due  to  the  coupling  between  these 
states.  Again,  because  of  the  respective  vibrational  state 
densities  within  each  electronic  manifold,  the  statistical  weight 
of  Sq  will  exceed  that  of  S^  significantly,  as  pointed  out 
previously* Since  the  actual  dissociation  event  is  rather 


rapid  (-10"13  s),  the  ^^1/2  and  ^^2/2  product  states  will  be 
produced  by  motions  on  the  surfaces  correlating  to  these  states, 
along  with  the  concomitant  non-adiabatic  processes  which  occur  as 
the  system  goes  from  near  the  precursor  equilibrium  geometry  to 
the  products.  From  our  results,  it  seems  very  likely  that 
P0(X^ni/2)  correlates  with  the  ground  electronic  state  of  its 
immediate  precursor  and  PO(X^2/2^  does  not.  A  similar  situation 
has  been  established  for  the  F+H2  reaction,  wherein  only  the 
lower  spin-orbit  component,  F(^P2/2^t  reacts  with  H2  to  produce 
electronic  ground  state  HF.(31)  if  correlates  with 

Si,  then  the  small  amount  of  ^^2/2  follows  straightforwardly  from 
the  small  amount  of  Si  character  present  in  the  excited 
molecules.  In  fact,  considering  the  likely  densities  of  states 
for  the  Sq  and  Si  manifolds,  such  a  mechanism  may  have  to  be 
accompanied  by  non-adiabatic  interactions  in  the  exit  channel  in 
order  to  account  for  as  much  ^^2/2  observed. 

If  So  does  not  correlate  with  PO(x2ii3/2)f  the  capacity  for 
selective  production  of  PO(x2ni/2)  is  quite  high  and  is 
compromised  only  by  non-adiabatic  couplings  in  the  exit  channel. 
Here,  ^113/2  would  correlate  to  a  higher  excited  state,  as  has 
been  seen  in  the  case  of  F(2Pi/2)  +  Thus,  the  electronic 

specificity  observed  in  the  present  measurements  is  in 
qualitative  accord  with  likely  correlations  between  product  ^^1/2 
and  ^113/2  states  and  the  immediate  PO  precursors.  A  careful 
examination  of  the  literature  reveals  that  nascent  NO 
photoproducts  display  similar  trends,  with  production  via  the  Sq 
state  of  a  precursor  favoring  while  production  from 


higher  electronic  states  may  favor  We  expect  such 

trends  to  be  quite  general,  and  certainly  as  the  %  fragments 
approach  the  Hund's  case  (a)  limits  the  propensity  for  selective 
production  of  product  8pin-*orbit  states  will  become  more 
evident. 

V»R,T  Excitations 

The  sequential  dissociation  steps  leading  to  PO(Z^n)  each 
involve  the  collision-free  IRMPD  of  a  polyatomic  species.  The 
IRNPD  process  causes  almost  no  change  in  parent  translation,  only 
modest  changes  in  parent  rotation, and  enough  vibrational 
excitation  so  that  unimolecular  reaction  is  usually  rapid  on  the 
time  scale  of  the  CO2  laser  pulse  duration.  Since  vibrations  are 
randomized  at  energies  above  reaction  threshold,  there  is  almost 
no  memory  for  the  nascent  vibrational  excitations  of  those 
fragments  which  continue  to  absorb  radiation  and  dissociate. 
However,  product  rotations  and  translations  are  passed  on  from 
one  dissociation  event  to  the  next,  so  that  the  POCX^il)  r,t 
distributions  reflect  the  series  of  events  that  produce  this 
species. 

In  all  of  our  experiments  to  date,  PO(Z%)  vibrational 
excitation  could  be  ascribed  a  'temperature'  of  approximately 
lOOOK.  This  estimate  is  based  on  several  vibrational  levels,  and 
this  vibrational  'temperature'  does  not  vary  much  with  precursor 
or  laser  fluence.  As  mentioned  previously,  the  fact  that  levels 
as  high  as  v*«6  are  observed  indicates  that  PO2  cannot  possibly 
be  the  sole  precursor  of  PO.  A  species  as  small  as  PO2  could  not 


be  excited  to  energies  so  high  above  reaction  threshold  that 
these  product  states  could  be  produced,  since  the  optical  pumping 
rate  could  not  overcome  the  large  unimolecular  rates 
characteristic  of  small  molecules  above  reaction  threshold. 

Based  on  previous  studies  in  which  nascent  vibrational  excitation 
was  observed  following  IRHPD,  -  lOOOK  seems  reasonable, 
particularly  considering  the  likelihood  of  a  precursor  of  the 
form  ROPO. 

Nascent  translational  excitation  was  detected  in  the  medium 
resolution  experiments  by  observing  Doppler  broadening  of  the 
individual  rotational  lines,  and  although  accurate  distributions 
cannot  be  derived  from  the  data,  we  note  that  a  nascent 
translational  temperature  of  1500-2000K  fits  the  data  reasonably 
well.  In  previous  experiments,  we  have  shown  that  simple  bond 
fission  processes  display  a  propensity  for  producing  vibrational 
excitation  which  exceeds  rotational  and/or  translational 
excitations. Although  exit  channel  barriers  (e.g.  molecular 
elimination)  can  produce  specific  product  excitations,  there  is 
no  evidence  or  reason  to  believe  that  exit  channel  effects  play  a 
role  in  the  present  experiments.  Thus,  we  conclude  that  the 
sizable  PO(X%)  translational  excitation  simply  derives  from  the 
sequential  nature  of  the  events  leading  up  to  its  production. 
Energy  in  excess  of  reaction  threshold  is  apportioned 
statistically,  with  relative  translation  of  the  fragments  in  the 
center  of  mass  of  the  dissociating  species  receiving  a  democratic 
share  of  this  energy.  However,  when  the  fragments  thus  produced 
are  themselves  dissociated,  the  resulting  products  again  receive 


translational  excitationr  so  that  translational  energy 
accumulates  during  a  sequence  of  dissociation  events. 

Nascent  rotational  excitation,  as  with  nascent  vibrational 
and  translational  excitations,  is  modest  and  consistent  with  a 
mechanism  whereby  PO  is  produced  via  a  series  of  bond  fission 
processes.  From  simulations  of  the  low  resolution  spectra, 
rotational  'temperatures'  of  *•  BOOK  are  obtained,  and  this  seems 
reasonable  in  light  of  the  medium  resolution  rotationally 
resolved  spectra.  We  are  presently  unable  to  explain  the  peak  in 
the  rotational  distribution  at  J-19.5.  Despite  modest  S/N,  this 
feature  was  quite  persistent  in  all  of  the  experiments.  It  is 
curious  that  the  energy  of  the  J=19.5  state  is  only  slightly 
higher  than  that  of  the  excited  spin-orbit  doublet,  but  this  may 
be  simply  coincidence.  Regardless,  the  average  rotational  energy 
is  modest,  and  entirely  consistent  with  the  sequential 
dissociation  mechanism. 


V 


SDMmRT 


1.  PO(X^II)  is  produced  by  the  collision-free  IRMPD  of 
volatile  organophosphorous  molecules  such  as  those  listed  in 
Table  I.  Nascent  V,RfT  excitations  are  in  accord  with  a  sequence 
of  bond  fission  reactions  leading  to  the  PO(X^n)  products,  except 
for  a  few  rotational  levels  near  Jsl9.5,  which  are  more  populated 
than  would  be  expected  on  statistical  grounds.  The  most  likely 
immediate  precursor  of  PO  is  of  the  form  ROPO. 

2.  There  is  an  overwhelming  propensity  to  favor  the  ^-1/2 
state,  even  though  ^113/2  lies  only  224  cm"^  higher.  This 
persists  under  all  experimental  conditions,  and  is  verified  using 
300K  reference  samples  and  when  thermalizing  nascent  FO 
excitations  using  an  inert  buffer.  Were  an  electronic 
'temperature*  ascribed  to  the  nascent  PO,  it  would  be  150K. 

3.  This  result  underscores  the  importance  of  the  separate 
electronic  potential  surfaces  leading  to  the  two  PO  spin-orbit 
states.  It  seems  clear  that  ^^1/2  correlates  with  the  electronic 
ground  state  of  the  immediate  precursor  to  PO,  and  ^3/2  <3ces 
not.  The  small  amount  of  ^113/2  observed  may  be  due  to  non- 
adiabatic  transitions  and/or  'freezing*  the  amount  of 
character  in  a  state  of  mixed  Sq  and  S3  parentage. 

4.  We  expect  that  such  effects  will  be  seen  routinely  when 
experimental  conditions  make  such  detailed  scrutiny  possible. 
Already,  a  careful  look  at  nascent  NO  following  photodissociation 
(often  on  Sq)  suggests  that  selectivity  toward  specific  spin- 
orbit  states  is  present. 


5,  Because  of  microscopic  reversibility,  such  selectivity 
must  also  be  present  in  radical  recombination  reactions. 
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APPBHDIX 


The  Hbnl-London  factors  for  the  (0,0)  Pj^-branch  are  given  by  the 
following  expression 

(2J*-H)2  +  (2J-+1)  •  (4J-2+4J••+l-2X(v•))^v 

32  J" 


where  v=  h^(V)  -  4A  (v")  +  (2J"+1) x(v")  «  > 

and  A(v")  and  B(v")  are  the  spin-orbit  splitting  and  rotational 
constants  for  the  level  v"  respectively  (A(v"»0)=224 
B(v"«0)*0,73  cm”^  Several  of  these  Honl-London  (HL) 

factors  are  listed  below. 


J  HL  factor 

0.5  0.0 

1.5  0.16996 

2.5  0.30790 

3.5  0.44267 

4.5  0.57748 

5.5  0.71321 

6.5  0.85018 

7.5  0.98854 

8.5  1.12839 


J 

HL  factor 

10.5 

1.41268 

11.5 

1.55717 

12.5 

1.70323 

13.5 

1.85086 

14.5 

2.00007 

15.5 

2.15086 

16.5 

2.30322 

17.5 

2.45716 

18.5 

2.61266 

19.5 

2.76972 

J 

HL  factor 

20.5 

2.92833 

21.5 

3.08849 

22.5 

3.25019 

23.5 

3.41341 

24.5 

3.57817 

25.5 

3.74443 

26.5 

3.91220 

27.5 

4.08146 

28.5 

4.25221 

29.5 

4.42443 

9.5 


1.26976 


NAME 


HOLBCDLAR  FORHDLA 


Dimethyl  Methylphosphonate 

(DMMP)  (CH30)2  P(=0)  CH3 

Trimethyl  Phosphate 

(TMP)  (CH30)2  P{*0)  OCH3 

Dimethyl  Phosphite 

(DMP)  (CH30)2  P(“0)  H 

Di-isopropyl  Methylphosphonate 

(DIMP)  (i“C3H70)2  P(“0)  CH3 


DISSOCIATIOH 

YIELD 

(arb.  units) 


1.0 


0.8 


0.3 


0.04 


Di-isopropyl  Phosphite 
(DIP) 


(i-C3H70)2  P(*0)  H 


<0.006 
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FIGURE  CAPTIOBS 


Schematic  diagram  concerning  the  photoionization  of  PO(Z^n) 
via  the  state,  showing  both  the  2-£requency  2-photon 

ionization  and  the  l-£requency  2-photon  ionization  probe 
schemes.  A  single  photon  promotes  molecules  to  the 
state,  from  which  a  266  nm  photon  induces  ionization.  Low 
b2i+  vibrational  levels  cannot  be  ionized  via  a  1-frequency 
2-photon  process,  but  higher  vibrational  levels  can,  as 
shown  in  the  diagram.  The  ionization  potential  is  from 
ref.  18. 

Low  resolution  2-£requency  2-photon  ionization  spectra  of 
v"«0  and  1.  In  (a),  the  sample  is  thermalized  at  300K  by 
detecting  the  PO  12  cm  downstream  from  the  microwave 
discharge  where  it  is  produced.  In  (b),  nascent  products 
are  detected  following  collision-free  IRNFD  of  DHHP.  Note 
the  small  amount  of  PO(Z^  113^2)'  seen  from  the  weak 
(0,0)  (Qi2'*’^12)  transition.  In  both  instances,  the  266  nm 
photon  is  delayed  10  ns  relative  to  the  tunable  DV  photon, 
and  in  the  IRMPD  situation,  the  CX)2  laser  onset  precedes 
the  tunable  UV  laser  onset  by  350  ns.  Even  though 
individual  rovibronlc  transitions  are  unresolved,  the 
different  E,V,R  energy  distributions  for  the  thermal  and 
nascent  PO  are  apparent  (see  text). 
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Lov  resolution  l-£requency  2-photon  ionization  spectra  of 
PO:  (a)  in  an  air/acetylene  flame#  and  (b)  from  the 

collision-free  IRMPD  of  DMMP.  The  spectra  are  not  corrected 
for  laser  energy  variation#  which  decreases  by  10%  from  320 
to  318  nm.  The  (5#4)  (Q22'*’Pi2)  (5#4)R22  bandheads 

originate  from  the  upper  spin-orbit  component  of  the  ground 
state,  whereas  the  other  identified  features  are  from  the 
lower  spin-orbit  state.  Note  the  "colder*  electronic 
distribution  in  the  IRHPD  case  as  evidenced  by  the  decrease 
of  the  (5#4)  (Q22''‘*^12^  band  relative  to  the  (5#4)  {Q21+R11) 
band  and  the  nearly  complete  absence  of  the  (5 #4)  R22  band. 
In  (b)#  the  CO2  laser  onset  precedes  the  tunable  DV  laser 
by  350  ns. 

2-frequency  2-photon  ionization  signal  vs.  tunable  DV 
wavelength  for  different  DNMP/buffer  gas  mixtures.  The 
timing  of  the  IR  and  uv  laser  pulses  is  described  in  the 
text.  Note  the  rapid  thermalization  (300K}  of  the  nascent 
electronic  excitation#  compared  to  vibrational  excitation# 
as  the  buffer  gas  pressure  is  increased  from  0  to  1000  mTorr. 

2-frequency  2-photon  ionization  signals  vs.  tunable  DV 
wavelength#  for  the  collision-free  IR  laser  photolysis  of 
different  organophosphorus  compounds:  (a)  DMMP#  (b)  TMP# 

(c)  DMP#  and  (d)  DIMP.  Spectra  (a) -(d)  differ  in  their 
respective  vertical  scales  and  are  listed  in  order  of 
decreasing  dissociation  yield  as  per  Table  I.  No  MPI 


spectra  of  DIP  were  recorded#  due  to  the  low  PO  yield. 
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Typical  operating  pressures  vary  from  10"5-i0"^  Torr  for 
these  samples.  Note  the  striking  similarity  of  the  PO(X^ij) 
E.V,R  energy  distributions  for  the  different  starting 
materials. 

Rotationally  resolved  PO  1/2  spectra  (0.08  cm"^ 

resolution)  obtained  via  2-freguency  2-photon  ionization: 

(a)  following  the  collision-free  IRMPD  of  DNMP,  and 

(b)  using  the  300K  effluent  from  the  microwave  discharge. 
The  dashed  lines  correspond  to  Boltzmann  distributions, 
calculated  using  the  formulae  given  in  the  appendix. 

t. 

POCX^n j^2fV**0)  rotational  state  distributions  from: 

(a)  the  collision-free  IRMPD  of  DHMP,  and  (b)  BOOK  samples. 
Note  the  agreement  between  the  300K  ionization  (this  work) 
and  LIP  (Clyne  et  al.)  (^9)  results.  The  rotational  energy 
calculated  as  per  ref.  24,  which  provides  a  closed  form 
expression  for  any  intermediate  coupling  situation  between 
Hund's  cases  (a)  and  (b) . 

Spectra  showing  Doppler  broadening  due  (a)  to  nascent 
(P0(Z%2./2)  translational  excitation,  and  (b)  to  a  BOOK 
reference  sample.  Despite  the  modest  S/N,  the 
PO  b2 2:+^x2n spectra  obtained  following  collision-free 
IRMPD  are  clearly  broader  than  those  obtained  using  a  BOOK 
sample.  The  laser  bandwidth  is  0.08  cm**^. 
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